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SUMMARY ;

< Freliminary deta in the form of static and pitob pressursz |

distributions and shodaxw and Schlieven photopraphs have been cbtained

il s ietasrostior of

&

o3

a nressure ratio 2.09 shockwave with a turbulent
S Douniary tayer on a flat wall st M = 2.47. Separation of the boundary

laysr 2ppzeavrs to be incipient end & modeld of the interaciion has been
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of bBsrdsley and Mair for tur-

Dolept Qeyer-mediai strenath shocks and resembles as well that obtained
2y Lripnann for (he dutcrgetion of waszk shocks with s laginer layer at
low tarb rumbers  Lengitudinal static pressure dictributions show an
upstiean inflyuans: o Troviinately three houndary layer thickoesses :
with an inflecticn in the surve charactericitic of lauiasr _ritc.nctioas.
The enfira pressure rize oceuples six boundary layer thicknesses and
agress satisfactorily with the theoretically predicted fise. Velocity
profiles in the region of the gteepest pressure rise, i.s., slightliy
abeod of tha noiwr of “mpingement of tha incident shock, show a behavior
“hat usy be asgociated irith imminert seperatlon. Downstream of thie point,
the bhoundary layer profiles sre similar to those wsasured in an adverse
presgure éradienu. Althowzh the pressure after the ‘nteraction was con~
stant, the boundasy layer profile had not returned to the normal turbu-
lent profile two bouncary laysr thickneeses downstream ol the interaction
» region.
Testz of tvo weldges of 4ifferent widths showed a very large

"relieving” effect for the wedge which 4id not compleiely span the tunnel.

: Tha exroneous regulis obitzined with the narrow wedge may explain some of |

tha AMurpgrencias in the existing deta.,
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A FRELININARY THVESTICATION OF A SHOCK WAVE-TURBULENT

BOUNDARY LAYER JUTERACTION

INIEODUCTION :

The whenomencn oi the interaction of & shock wave with the
houndery layver on a flat plate has received considerable attention in
the lest faw yoors. An wnderstanding of this fundsmentel gimplified
interaction ic sn essgnilel preliminary siep to the study of the more
copplicated interncticon. as, for exemple, the shock wave-boundary leyer

interections et wing trailing edges, arovnd deflected control surfaces,
at wipg-body juctures, and in supsrsonic diffusors end comDreércare.
The effects of the interaction may extend scme distence along tne ~all
and may infligence the external flow to a }arga ezxtent, in conlrsiir ‘on

to the theoretical non-visnoug tage of 2 ghock vave impinging on a solid

The woxrs cof Lo th‘nn1 end othersg on lawinar layers has provided
information on the exvent of the pressure Field ow the solid wall and &
general model of the yxfcraction hes besn construried. The incident shock
wave is reflected as an expansion wave with & slow ﬂompres§ion region ap-
pearing ehead of the polut of iwpingement due to separation or thickening
of the boundary layer. Bshind the point of impingement there is enother
region of alow compression where the flow re-atteches to the surface. The
upshream compresslon, reflected expavsion, end downstream compression
cceldegra far from the wall Lo glve & single shock wave close to that pre-
anrted Por the non-viscous ghcck ceflecilon. The effects of shock wave
strenztn and Revnolds number bave been studied at Mach numbers of two and

lower., "iecpctical wovk’ bus been able to predist roughly the upstream
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influsnce of ihe iatrraction. but the problem of predicting the separation

peint and the rectiackment of the lerians~ boundery leyer hes not yet been

Folvaed.

el A S

The intervet on of & gshock wavs with a . iwulewt boundary layer
has alro beecn studied. Several of the investigatorsl" who studied laminax

layers, "tripred” the boundery layer nesr the leading edge of the plate and

n}

htsined pome preliminary resulits. Lardsley and Mairh at a Mach number of

trc, meiz om oerngllent 3ok of Schlieven photographe of the interaction of
TAYYIng svesngih ool ique ghonk yaves with a turbulent boundary layer on
the tnagel vs'l, Veax wneident waves ere reflected as a compression (an

. bl igue ahock %o g foiloved by e narrow expansion region which is fol-
lowed by & slov compression region. No separation is noticed. ¥cr higher
shock strength, the Tloy separated at the wall and the first reflected
compression moved upstream of the point of impingemernt of the incident

shock. The reflection was still a compression, expansion, and slow com-

pression vwhich agrees with the gexeral interactilon pisture found for the

lamins

1

leyer The grale of the interaction region, i.e. the influence
of o given sgtrength ghock is, of courpe, quite different. The most com-
plete r<sulte available are those of Fage and Sargen.ts° Their results
wevre obtained el Mach mumbers from 1.2 to 1.6 ani are primerily on shocks
whinh raflect as Mach shooks f{normel shocks) near the wall.

In an effort io get a betiter understending of the shock weve-
turbulent boundary layer interaction, and to provide the detailed data
needed to bulld a correct theoretical model, a series uf tests have bsen

Y undertaken at the Supergonics Laboratory of the Aeronauticel Engineering

Departmort of Pripsceton University. The program will cover a range of

Rt e————
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Mech mmbers from sbout 2.5 to 4.0 for turbulent boundary layers inter-
acting with shoek vaves of verying strength. The daste presented herein

. are the {irst prelinipery rosulis obheined at & Mach nuaber of 3 with a

Bt S ——

shaook sy of ebout o pressure raiao of 2,
Conruvrent with thz w-portel erporimentas studies, Professors
. Lees and Crocee have besn rarvyisg on 2n extens.ive hheoretical study of
the shomk save~twbvleut homdary layer iutecaction. Theixr resulls and

-2 .

coarrmrigon with the etveruomentel work will be presentsd ip a later paper.

ZXPERTARHTAL POULPLENT:
l , The *gat-~ were nevforrad ir Ype Prigeston rilot Supersonic

Tunrel vhai~h 22 pean wodified iv several doizils eir o ° - cooste 3,

K3

e3t scotion size has hean incrssged to 2" wide by 2-1/2" hizh. Addi-
E tionndl Lir gborage ceyrcity, TTO eu, Th. &g compered o 50 cn. L. now
reraity longer runming vimes than bhafore.

Ths bpoundary layexr on the tummel wall was wrillzed for %the meas-
urenents  Teo 10% ghork prodvaing wedges Vere employed which differed in
10t sme lepgtl, tbe wnavrower one being l-s /4" wide end 2-1/8" long and
the other neerly 27 vide end 2-7/16" long. The wider wedge spapned the
tunnel to wiitoia (010" of either smide wall, Both wedges had a ,030" static
poesgure orificrs drildad cn centerline 1/2" from the leading edge, and the

144

wider onz a4 similar orifice drilled 1" from the lesding edge. The pres-

sure retis of The shoeck Jas deterainesd by using theze sitatic pressures

"

rather than ibe gewmeurical gedge an

\F.‘

le, thus isking into > ~curht any of-
fert of the brundary layer on the wedge.
. For measuring fthe static pressurs on the interacting surface,

a2 00" srifies driiled in the nozzle block was selected and the shock
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i generator set up in guch & way es to allow the shock to pass over the
{

orifice as the tredge wos moved sxially in the tupnel. Static pressures

spawwise at thiz otation were elso recorded in ordsr to check the two-

diagasionzliscy of vha shwelr interzction. Thege ver

@

located 3/8", 1/2",
= [ s £y, ¢ Fesm . . .
p/h and 3/M" off eris A mielrometer drive ves devised for movement of

the wedge vhich allerd cotting o within o thouzsndih of an inch. Read-

i"‘-
“‘:

)

ings wers btaken in tro intizsection regicn every tenth of =n inch relative .
i to the shock peosii.on, ALun arbitrary zero was selscted as a reference,
vositions ahesd heing lebeled "minus", and positions behind “plus”

| Boundary layer total rressure surveys normal to the wall wvere

made at several staticns in the iateractlon region, those furthest ahead

being out of ths region of infiucnce of the shock 2nd thos. -Jurthest be~

hind veing in e uniform region aflter the interaction. A carefully mede
total-head tvbe w28 cwrloysd vwhich permitted readings to vwithin .OOL"
the surface. The tube was constructed of .055" 0.D. steel tubing flat-

tened at the end Lfor choat 1/4” and honed on the bottom surface to allow

close spprosch to the wall. The orifice becomes a slit ebout .004" high

by 060" wide; a skeich is given below.
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Laterzl checks were mede with total head surveys 1/4" and 1/2"
off the tunnel oxis using probes of identical geometry as that for the
centerlite cass.

Fig. 1 snows 211l the coamonents of the experimental setup.

SDEIIS :

X digtance along tumnel wall, inches.

¥y Sistonce normel to bturnsl wall, ianches.

Po origin®l. avegusivion pressure of flow.

93 pitot prsusure, stagnatiocon pressure beshind normal shock.

Pl Zatic pressure ag mecsured along tunnel wall,

Py stetic pressure behind obligue shock,

A deflection of fiow in degrees cauvsed by shock wave of sirength

charecterized by )

e’

boundary layer thickneseg, inchres.

2z
L

c(; toundary layer displacement thickness.
e boundary laver nomentum thickness.

oF
H hovndary laysr form paramster (&

RESULTS AND DiSSUSSION:

The investigstion was begun using the "nerrovw" shock generator,
the first determivation being that of sta.t;i_c presegure veristion along the
wall, on centerline, in tke region of the interaction. It waes immedietely
noticed that the static pressure rise after the ghock, which for the reflec-
tion of en approgimate 10° wave shovld have o value of about 3.8, was far

shoxt of that amount. A shadowgraph, Fig. 2, and a Schlieren photograph,

B

Tig. 3, are presented togsth

er with a sketch of the interaction, Fig. 4,

T T —— o) S




%
i
|
F
f

I bt M e e

as traced from the Schliersn picture. Corresponding to the sketch is a

curve saowing bhe stabtic pressure variation thrsughout the interaction.

)

ALY Bhe prexsove rige Tor this case is accomplished in abous 2~l/2

7

boundsry thickmacsses, =aull the curve is smeoth. The oressure vaotio
acrosg the sheock, about two as measured by means of the orifice on the
h wedge, calls for the overall pressure rise at the wall to about 3.8

~

whereas the nessured rise is only 2.5. 8c uniform reglon appeers ahead

of the erpansiov fan {rcn the wedge corner. The photographs show a re-

Tlection that apvzars epprozimately reguler, no boundary layer sepera-

Bvidently there must exist a congidercble "relieving effect"
dve to tae three~dimsreional character of the flow around the edges of
the shéck gensrstor. When, later, additional orifices were drilled
laterally in the nozzle block, the non~uniformity of the interaction be-
came quite apparsnt. Pig. 5 gives the cross-~wise pressure distributions
7 for several shock positions and illustrates how the low external pressure

affects the intzraction region.

Fusther taaus with the nerrovw viedge were disgcontinued, but it

N ie plamed %o examine ths problsm later wsing a series of wedges of vary-

ing widihe »o determins if possible the range of this three-dimensional
behavior. It is suggested that the three-dimewnsional effcects that are
introduced by vsing a shock generator of Ingufflclent width wey be re-
sponsible for Leipiarm®s resulis for the turbulent cese. For a shock wave
of 3° at 11 = 1.4 Leipmann obteined the theoretical pressure rise, but for

en increased stremgth shock of k-1 29, the pressure is considerably lower

than theoreticsl., S:imilcr resvlts are shown by Fege and Sargent with

ca
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sorlie curves showing dnly half the theoretical rise. An accurate picture,
therefors, of the interaction problem for & flst plate must he based upon
test resvlis that are truly two-dimensional, and future experiments should
be performed iv the light of this fact.
In an attenot to eliminate three-dimensional effects, a new
serieg of et were rmwm using the Tull-span shock generator. A shadow-
graph, Fig. 6, e Schlieren photograph, Fig. 7, end the static pressure
variation throvgh the interaction in juxbaposition with & sketch of the
interaction, Fig. 8, show inmediately the differences bstwcer this and
the "pavrow" case. The first reflected compresasion hes moved forward so
. ,

as to intexrsect the incident shock approximately at the edge of the poundary
laysr. A thin line, resembling thet seen for & separsted region, sppears
embedded in the boundary leger zdjacent to the wall belween siations -.5

| apd «,l. The static pressure variation through the interaction has anp
inflection and ieg spresd oub to about six boundary layer thickuesses, with

*
the influence being felt only a few thicknesses shead of the point of im-
pingement. The pressure rise begins at about station ~-.6, which from the
picture is the point where the first reflected compression originates. A
uniform region after the interaction, beginnming sbout station /.5, eppsars
between the second set of compression waves and the expension fen from the
wedge corner.
The model for the interaction is approximetely ag follows:

; The first reflected compression criginates at a point a couple of boundary

‘ leyer thicknesses ghead of the point of impingement of the ipcident shock. '
Tmmediately aftsr its intersection with this reflected wave the incident

shock curves saarply dowmvard toward the wall, terminating et a point which

e L R O B L TS SR R, AT S AYCTY Sian Wi




is the apex of o small separated (probably) regicn. This separation
appears to begin at the point of origin of the first reflected compres-
8ion; and re-aitachment occuvrs in gbout thrze boundary layer thicknesses.
An ezpansion fan cavscd by the curvaturs of the incident shock near éhe
wall follows the first reflected compression. Fimally there is a well
spraasd out reglorn of zlower compression waves which coslesce into a
second reflecied shock. This wodsl agrees closely with that given by

Iy
Bardsley and Mair for interections of medium strength shocks with tur-

The etatic pressure rise agrees with thet given theoretically

within the limiis of experimental accuracy. The shock pressure ratio as '
given by the forward vwedge orifice is 2.09, while the ratioc given by the ;
rearward orifice iz 2.07. %These limits define the range of accuracy of

the measuremenis. The Mach number ahead of the shock has been taken for

these calculstions to be 2.97, bub tumnel characteristice indicate a Mach
number varisaitlon of % .03 along the test section whilch should be taken into
accounis. A. Terri haz pointed out that there asre reflected waves caused

by interactions of the several parts of the orlginel reflected wave sys-

tem. These reflected waves would be sent cut until the orlginel reflected

Wwave system coalesced into & single shock. Since this did not occur in

the dimenslons of the experiment it wculd be expected that a small further
presswre incrsese would occur if the tumnel were larger. Since this in-

creese in pressure iz gulte small, however, its effects should not ing}u-

ence ‘the resulis obtained. Two-~dimensiopality of the interaction is sub-
stantiated by the resdings of the lateral orifices, Fig. 9, for several ‘

relative ghock pogitions. '
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& Toogitudinsl plot of the total pressure veriation through the
intersction =t & wmoint .00K" from the wall is preserted in Fig. 10. The
rige oreopieg aporonimately the some intervel ez does the static pressure
w4 thie woll.  Beoto st station «.7 im probably influenced by soma non-~
vaiforaity of the £lor in the tunpsl, wvhich mey esccount for certain other=~

wige upexplainad Jdsviuiione in scme of the parsmeters calculated for that

ghoethion.

Velcnity profiles compubtel on tie basis of constent stagnation

o

tempersiiits In Lre boundsiy laysr are given Ifor sevaral stetloas in the
intaenriion regicn. The casumpiion of constant static pressure through
the layer iz made, using the value at the wzll ss given inm ?ig. O. This

pressure, .. together with the measured total pressure, P,, gives from

1

L,

the Ravlzigh Pitot Lgvation the Mach number distribution in the beowndory
layer. Evidently this method is accurate only near the wall since away
from ©re wall tha complirated shock syetem invalidstez the assumption of

zoagtent static precsvre. DifZieculty arices in chowvsing a reference

velocity, Ul, et the bouniary layer edge. One @iy sismine tle total pres- ]

P

asure profilss throozh tie boundary layers and thereby dotermine epproximately

X the oniat whers they Lond to leveld off, calling that poink the edge of the ‘i

boundary leyer. The pressure, P,, at that poin’s referrsd to the original
>

o {aszumed conptsnt through the interaction) gives

stegnation presswe, P
the Maco number; ily, at the boundary layer edge. Alternatively, Ml nay

be calcuviated Prom the isembroplc relation using the local well static
Dressure; p1, and ths original stagnaetion, Poo The latter has been adopted

: in tbie repori 28 Bhring the more convenient end eliminating the guesswork

e g

whe eage of the boundary layer fria cemplicated

1
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total wraspire @uUrtIiy The Tormer mztied iz i lustr vtead in Lhis report
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in two profiles, Figs. 12 and 1k to serve es a basis of comparison with
the methcd which has been adopted.

Profiles for the region after the ghock have also been computed
on the basis of total heed logses &s calculated for the case of regular ?
reflection £from a wall with no boundary leyer. A total head loss of six

- Percent exizis in this hypothetical case, but in the real case it 1s
somevhat less Gue to the reglon of slow compression which replzces the
single reflected shock of "regular" raflection. A single case, the pro-
file at station 1.0, is presented for compa 1 with the profile as
calculated by the method adopted for this report.

Bxanination of the profiles presanted indicebzs frca Figs. 1L

and 12, stations -1.0 and -.T7, that the boundary layer is essentially

turbulent in character in the region of the interaction. The Reynolds
umber based on momentum thickness for the station just ahead of the inter-

action region is 7500. A profils calculated from the 1/7th power is pre-
senbed in Fig. 1l for comparison with the experimentel profile.

Beginning at station -.6 and conmtinuing through ~.l, Figs. 13
through 16, the profiles have somewhat the appearancs of profiles in a
separated region. However, imstead of going {o zero or negative veloci~
ties at the well ~- in the manner of & separated profile -- the profiles

show a congiderable region of high Mach number subscnic flow. These pro-

files may be the transition in supersonic fléw from the usual turbulent

profile to the detacned profile, i.e. separation will occur for a wave of
slightly higber strength. Further tests employing verying shock strengths
% will indicate whether this premise is correct.

Referring to the Schlieren photogreph and the pictorial, Figs.

v s v et it e e

7 snd 8, it is seen that the thin line resecubling seperation of the boun-

dary layver apvsors almost precisely for the stetions giving the disturbed

SR N S S AR T B 4 et e S L
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profiles dgscribed gbove, Turther, the static pressure distribution
shows an infiection in the nsighborhood of stetion ~.l where the last
of these disturbed profiles is observed.

For stations A.l through £.5, Figs. 17 through 19, the pro-
files are typicai of twbulent profiles in asn adverse pressure gradient.
These correspond to the regilon of slow compression which sppears in the
Schlisren photosrsph, tig. 7, and in the static pressure distribution

beyond the point of inflection of the curve. Stations £.7, £1.0, and ‘

#1.3 have increasingly fuller profilss, snd indicate ccupletion of the

interaction and ¢ trend towards the characteristic undiz’ " -2 bwrbulent

boundary layer. Although the region of consiant static pressure after

the irtersction ls spproximetely 3 boundary thicknesses in length., ithe

T

full turbulient profile is not yet re-established. i

é; AT - . .
Curves of y &y and H versus position are sbown in

~——
e

Figs. 23 and 2. The valuss shown have been calculated by (1) assuming

S

no shock wave losses and (2) essuming shock losses calculated for theo-

reticel regular reflection without boundary layer. The difference be-~

e

tween values calculated by both methnds is not lerge and the general
trends shown should be correct. Daba close to the point &7 imoingement
of the shock {Statiom -3) shows errstic behavior. Thnis is to be expected
in light of the 248 profils cobisined when the shock wave comes close to

! the wall, It is interesting tc note that the wvalues for H before and after
v « 7

the inbseraction sre in general agreement with Wilscn's' formula for H as

a function of Mach Number.

i

¢ A comparizon ves made of the results described herein with those ;

1,2
obtained by other investigators. The data on turbulent boundary layers !
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shows a very stesp but smooth rise in pressure for all cases tested.

Hovever, the resulis are all for weaker strength shocks and lower Mach

numbers than usged in these tests. The present work shows a definite in-

do

flecticn po

Py

g

int in the pressure vige curve, Fig. & similar to that exper-

ienced for laminar layers. It seems likely, therefore, that the differ-~

ence betwesn tie lamirar and turvulent interacticrs mey be merely a dif-
: Terence in the shock pressure retio required for ssparation. The dats
E obtained Is very similar to thet for a laminar layer interacting with a

very weak wave. Extension of the prssent work to varying shock strengihs

is needed to substanbiate this premise,

CONCLUSTONS ¢

| The detailed static and pitot survevs throush th: Lk wave-

1 turbulent boundary leyer interaction have resulied in the following con-
: clusions:

|

E 1) TFor the type of experiment performed, it is nscessary for

: the shock generator tc completely span the tunnel. The

|

narrovw wedge gave erroneous results which mey explain

some of the discrepancies in the existing data.
. .

2) Foxr the one interactlon investigated, 2 shock wave of

pressurs ratic 2.09 interacting with a turbulent boundary

Jayer at M = 2.97, sevaretion eppears imminent. The model

of the interaction agrees well with that of Bardsley and
ﬁairh for mediuvm shock strength~turbulent laysr inter-
action. It resembles, as well, that obtained by Leipmann;
for the interaction of a weak shock with & lewinar layer at , !

low Mach numbers.

.
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3) Static pressure distributions on the wall show an upstream

| influence of approximetely three boundery layer thicknesses

with the entire intersction taking about six boundary layexr
|

=
g
*

b2 pressurs rise curve shows an inflsction pning which
coincides with what secme to be a small separated region i
noticeable in the Schliersn photograpbs. Ahead of this re-~
gion, the pitot surveys shovw profiles somewhet similar to
these obtained in & separsted flow. Behind this region,
the profile changes to one agssocleted with flow in en ad-
- verse pregsure gradient.

|i 5) Two boundary layer thicknesses downstream of the completed

} intsraction, the boundery layer has not yet rebturnsd to the

normal turbulent profile.

6) This preliminary investigstion provides a detoiled picture )
of the interaction not heretofore svailable. Conbtinusd re- 1
s

search for varying strength shock waves at ssveral Mach num;
| hers is to be carriled out in an attempt to detall the inter-
| action over & wide range. Such daeta is needed to completely
understand the mechanism of interaction and to provide the 4

basis for a fundameniul theoretical study. '
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